Abstract-Broadcasting high dynamic range (HDR) video has been demonstrated as largely preferred when compared to standard dynamic range (SDR), mainly due to its capability of representing more details in dark and bright regions. Additionally, progress over the last decades on creation, compression, transmission and rendering of HDR content signals a forthcoming deployment of HDR broadcasting services. Lack of a widely supported recommendation regarding bandwidth allocation for HDR compressed streams or a unique compression approach, prevent faster deployment of such services. This paper investigates the performance of a dual-layer backwardcompatible compression codec, when compared to state-of-the-art HDR compression strategies, in terms of perceived quality. The evaluated system is a dual-layer compression scheme enabling the transmission of a backward-compatible SDR stream along with an HDR stream, reconstructed from the residual-based enhancement layer and SDR mapping (i.e., prediction). Comparison is made to two compression strategies realizing uncompromised SDR or HDR through the use of single-layer systems multiplexed with metadata. Metadata contains information necessary to map HDR into SDR or SDR into HDR streams. Our conclusion provides guidance regarding the compression strategy to use as well as bandwidth allocation for HDR delivery, ensuring both SDR and HDR contents with perceptually acceptable quality.
smooth transition from today's to tomorrow's TV. However, multimedia delivery services are facing various issues such as the paradox of fast technology developments and slow standardization processes or the wide range of end-user profiles, from technology-enthusiasts to technophobes.
During the last decades, tremendous efforts have been made towards the development of more faithful and realistic multimedia contents. The perceptual quality of high definition (HD) video was breathtaking for end-users when compared to standard definition (SD). The perceived benefit of the technology justified the movement of consumers towards HDTV. However, such behavior has not been observed when migrating from HDTV to Ultra High Definition (UHD) TV. The 4K resolution seemed to insufficiently improve HD contents, from a perceptual point of view. New approaches to increase the enduser satisfaction have been investigated. Among them are the extension of the dynamic range (the luminance ratio of bright over dark pixels) and the enlargement of color gamut (wide color gamut (WCG)). The development of HDR and WCG imaging aimed at increasing the realism of content by being more compliant with the human visual system (HVS) when providing wider ranges of luminance and color.
The maturity of the HDR technology in terms of acquisition, display [21] , and delivery systems (including compression solutions) [3] pledges for its deployment on the market. Additionally, the reluctance of manufacturers and broadcasters, especially after their struggle with 3D and 4K TV, is overridden by the high perceptual quality of HDR contents, as demonstrated to be largely preferred over SDR streams [2] , [3] , [8] . However, there is a lack of recommendation regarding the bandwidth allocation necessary to realize high quality HDR delivery and there are several different approaches to compress HDR content (e.g., backward-compatibility, single-or dual-layer, perceptually-or distortion-based).
The Dolby Vision [6] complete framework includes tools for HDR and WCG content creation, delivery and playback compliant with standard recommendations from Society of Motion Picture & Television Engineers (SMPTE), Advanced Television Systems Committee (ATSC), International Telecommunication Union (ITU) and European Telecommunications Standards Institute (ETSI). Two compression approaches are implemented within this framework: a dual-layer backward-compatible approach (DLBC) and a single-layer non-backward-compatible solution (SLNBC), transmitting an HDR stream multiplexed with metadata. By 0018-9316 c 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
discarding the second layer of the first approach, one obtains a single-layer backward-compatible solution (SLBC). The DLBC architecture is composed of a base-layer, which maintains the compatibility with legacy SDR BT709 8-bit decoders, and an enhancement layer, which provides additional information to match the reconstruction of BT2020 16-bit HDR content. The enhancement layer conveys the information to refine the mapping of the SDR content to realize HDR. In specific cases, the enhancement layer can be discarded and the compression operation becomes an SLBC encoding. The SLNBC solution consists in compressing the HDR content and multiplexing it with metadata indicating how to reshape this HDR signal to cope with SDR representations. This results in a large variety of scenarios representative of the HDR compression solutions ecosystem.
During the phase of transition from today's television to HDR and WCG television, broadcasters first need to ensure a satisfactory quality for legacy streams. The priority is to develop efficient backward-compatible systems, realizing high quality for both SDR and HDR delivery. A particularly appropriate compression solution, able to tackle such constraints, is a DLBC solution. It is therefore essential to identify when the proportion of bit rate allocated to HDR enhancement compromises the quality of SDR stream. It is also important to determine the parameters that achieve uncompromised quality of HDR streams or that reach a trade-off in terms of quality between SDR and HDR streams.
The Dolby Vision compression strategies are evaluated in terms of perceptual quality for both SDR and HDR streams in order to identify the key points highlighted above. It should be noted that SLBC and SLNBC solutions realize uncompromised SDR and HDR delivery, respectively. The DLBC solution will thus be compared to the SLBC approach regarding the evaluation of SDR streams, and with SLNBC for HDR streams. The comparison of SLBC and SLNBC for HDR streams is also included, in order to verify the necessity of using the additional residual-based information, provided by the second layer of DLBC, to reach high quality HDR streams. Recommendations about efficient compression solutions for HDR delivery are drawn from our results. Our analysis also provides valuable insights on parameters setting and bit rate allocation for SDR and HDR broadcasting.
The remainder of the paper is outlined as follows. Section II presents the related work on HDR compression solutions and their assessment. Section III describes the evaluated compression solutions. Section IV exposes the details of the conducted subjective evaluations, from the compression solutions configurations, the experiment methodology, the test content, equipment and environment to the participants description. Section V presents the in-depth analysis of the results. Finally, we conclude the paper in Section VI.
II. BACKGROUND
All indicates that the future of TV will be in HDR and WCG. Both American (ATSC 3.0) and European (Digital Video Broadcasting (DVB)) broadcast standards are enabling SDR BT.2020 [11] delivery and are expected to extend it to HDR BT.2020 in the near future. New standards pave the road for migration from legacy 100 nits to about 1000 nits in broadcasting applications, forcing future compression solutions to handle high peak brightness values.
A. HDR Compression Solutions
These last decades, various HDR compression solutions have been proposed, following various approaches such as dual-layer backward-compatible, single-layered nonbackward-compatible as well as single-layer backwardcompatible solutions. Below, we overview some among a large number of such solutions that are particularly relevant to our work.
In [20] one of the first compression solutions developed for HDR images and videos were proposed. The majority of HDR compression solutions follow one of the following approaches, which can also be combined in some cases: backward-compatible and perceptually-based approaches. One of the first backward-compatible compression approaches was proposed by [19] . The solution, built upon the MPEG-4 codec, decomposes the HDR content into a standard SDR stream and SDR-decorrelated residuals as HDR stream.
Later on, the High Efficiency Video Coding Format Range Extension (HEVC-RExt) [9] was released in 2014. This codec supports new formats such as sample bit depth up to 16 bits and 4:4:4 chroma sampling. This makes it particularly well suited for HDR delivery. Since then, solutions built on top of HEVC-RExt have been proposed. Among them, a backwardcompatible codec [5] proposes a residual-based dual-layer solution implementing prediction of the HDR stream through the reconstruction of the SDR stream mapped based on the information contained in metadata, in order to discard the second layer delivery in case of dramatic bandwidth constraints. Another solution based on HEVC-RExt [24] takes advantage of the luminance and contrast masking as well as spatial and temporal frequency masking characteristics of the HVS to remove imperceptible information from HDR contents. This perceptually-based solution achieves a better compression ratio without compromising the perceptual quality.
More recent compression strategies are based on singlelayer end-to-end solutions supporting content production and delivery to HDR and SDR rendering devices with side dynamic metadata. On the one hand, solutions can provide HDR streams multiplexed with metadata which contains mapping information for SDR streams retrieval. This strategy has been implemented in the Dolby Vision framework [23] . On the other hand, solutions can favor backward-compatibility by sending SDR streams multiplexed with metadata enabling HDR streams reconstruction. Among others, Technicolor has developed such an SDR backward-compatible single-layer HDR video coding [15] .
Those different approaches tackle HDR compression for various contexts of use: faithful representation of SDR, high quality HDR streams delivery, or compromised SDR and HDR quality. In order to select which compression strategy provides higher perceptual quality, subjective assessments have to be conducted to compare those solutions.
B. Evaluation of HDR Compression
Regarding the evaluation of SDR and HDR compression for broadcasting services, several studies have investigated the impact of the Electro-Optical Transfer Functions (EOTFs) on the compression efficiency and decoded content quality. EOTFs describes the conversion of digital code words in visible light information. Code words are modified to preserve contrast details in quantized HDR contents, leading to less perceivable compression artifacts. Baumann [4] has observed that lower luminance details are preserved by non-linear transfer functions (Perceptual Quantizer (PQ) EOTF) while bright details are better preserved when using more linear transfer functions. The impact of the non-linearity of EOTFs on compression efficiency, and consequently on bit rates required for the delivery of HDR services, has also been investigated in [17] . Conclusions of this work emphasize that the impact of the non-linearity of EOTFs on compression is content dependent and indicate that a bit rate increase is unnecessary to deliver HDR streams, except for contents containing a significant proportion of high luminance levels.
The experiment conducted in [2] compared a single-layer codec HEVC (Main 10 profile) with a backward-compatible (tone-mapped) SDR solution sending metadata for HDR retrieval. Conclusions of this work indicate that, for a same bit rate, the single layer HDR content was rated higher than the HDR content reconstructed from the SDR stream and metadata. The authors recommend to send a full HDR stream and generate an SDR tone mapped version from this stream. However, no evaluation of the resulting SDR streams were conducted.
In 2015, a Call for Evidence (CfE) was issued for HDR and WCG video coding from the Moving Picture Experts Group (MPEG) [18] . The goal was to investigate if new HDR and WCG compression solutions significantly improve the stateof-the-art standard video coding technology used to generate the anchor (HEVC Main 10 Profile). The results of the CfE are described in [10] and conclude that there are solutions noticeably improving the performance of the above anchor. However, the focus of the above CfE was on the assessment of perceptual quality of the HDR content and no consideration was given to SDR backward-compatibility or to the quality of the retrieved SDR.
No recommendation in terms of bandwidth allocation for HDR delivery has been provided in any of the above works. Despite numerous HDR compression evaluations, few works considered the perceptual quality of compressed SDR of importance for HDR codecs comparison. Guaranteeing a smooth transition from SDR to HDR TV is a strong constraint for broadcasters, that should be investigated when comparing codec efficiencies for HDR and SDR delivery.
III. SELECTED COMPRESSION SOLUTIONS
The compression solutions evaluated in this paper have been developed following the ETSI Group Specification (GS) Compound Content Management (CCM) specification [7] and built on top of HEVC-RExt. Implemented in the Dolby Vision framework, the two compression solutions are based on standardized procedures (e.g., PQ EOTF [13] , [22] , parametric tone mapping [23] and Dynamic Metadata for Color Volume Transforms (DMCVT) [23] ). Those solutions are compliant with 16 bit depth, 4:4:4 chroma sampling and BT2020 container. When referring to SDR backward-compatibility, we mean legacy SDR BT709 8-bit formats.
The DLBC solution consists of a base layer (BL), which represents the SDR stream, and a residual-based enhancement layer (EL), which delivers the additional information necessary to represent the HDR content. The generation of the EL information is performed as follows: during a pre-processing in the encoder, the SDR stream is computed along with its inverse mapping necessary to predict the HDR input stream. The mapping characteristics are contained in metadata referred to as composing metadata, based on SMPTE ST 2094 DMCVT. The EL conveys the quantized residuals of the difference between the HDR input stream and its prediction. Regarding the prediction of the HDR, the mapping function applied on the SDR stream can be polynomial or multi-mapper resolution (MMR). Along with those pieces of information, the composing metadata contains the flag indicating the drop of the EL residuals as well as the inverse quantification coefficients of the EL stream.
When the EL is discarded, the mapped SDR signal is the output HDR stream. In this specific case, the DLBC simply becomes an SLBC.
The second approach delivers an HDR signal multiplexed with DMCVT metadata. The metadata tracks carry supplementary color grading information for the SDR reconstruction. Diagrams in Figure 1 present the different compression solutions used. It is recalled that the codec shown in Figure 1b is a subset of the DLBC solution 1a when the EL is dropped. More detailed descriptions of the two solutions are provided in [5] and [23] .
IV. SUBJECTIVE ASSESSMENT
In this section, the definition of the experiment in terms of material, methodology, equipment and environment is discussed. Details about the experimental design and the population samples are also provided.
A. Overall Bit Rate Definition
Compression solutions are usually evaluated for various bit rates in order to consider broadcasters constraints in terms of available bandwidth. Also, the perceptual quality of a stream is highly impacted by bit rate settings. In order to comprehensively evaluate the two compression solutions described in Section III, various bit rates have been selected to conduct the study. The efficiency of the compression solutions has been evaluated based on typical use cases of broadcast services. Several studies highlighted that the entropy of an ultra high definition (UHD) signal is approximately 3 to 3.3 times that of an equivalent HD. Thus, we have defined the bitrate of the HD encoded streams to be 4, 5, 6 and 8 Mbps in order to match the typical UHD high efficiency video coding (HEVC) live broadcast bit rates (12, 15, 18 and 24 Mbps) [16] . Those bit rates provide information to broadcasters such that they can define the service they want to offer and have a good understanding of the associated economics, instead of investigating the compression schemes limitations. In the remainder of this paper, those bit rates are referred to as overall bit rates (OBs) as they indicate the amount of bit rate allocated to the entire encoded stream. The naming convention used to refer to OBs is presented in the first row of Table I .
B. Compression Solutions Configurations
From the two codecs used in this work, five Codec Configurations (CCs) are defined:
CC1: The DLBC codec, with 0% of the OB allocated to the EL, assimilated as an SLBC solution. This configuration investigates an SDR backwardcompatible solution, predicting the HDR stream from the BL information and composing metadata. The aim of evaluating this configuration is to verify if dropping all the residual-based information used for HDR reconstruction is compromising the quality of the HDR. Additionally, this configuration should achieve the highest SDR stream quality and provide a reference for the other configurations concerning SDR comparisons. CC2: The DLBC codec, with 10% of OB allocated to the EL. This configuration as well as the two following, investigate several proportions of the OB allocated to the EL in order to identify the parameters setting that yields to the best trade-off in terms of perceived quality of SDR and HDR. CC3: The DLBC codec, with 15% of OB allocated to the EL. CC4: The DLBC codec, with 20% of OB allocated to the EL. CC5: The SLNBC codec.
This codec doesn't have parameters to set and is therefore considered as a single configuration. Assessing this configuration enables the comparison of backward-compatible solutions with a non-backward-compatible solution. Additionally, this codec should achieve the highest HDR quality and provide a reference for the other configurations regarding performance for HDR. Depending on the combinations of CCs and OBs, various bit rates are allocated to SDR streams. The table I presents the bit rates allocated to SDR streams for any combination of CCs and OBs. It is recalled that the CC5 is not included into the SDR evaluation.
C. Experiment Methodology
The five CCs can be discriminated through the analysis of the perceived level of impairments introduced by the compression operations. Thus, we compare the impaired contents with their original references.
The selected assessment methodology is the side by side double stimulus impairment scale (DSIS) version II [14] with explicit reference, in which one stimulus is the reference and the other is the impaired content. Test and reference stimuli are displayed in side by side fashion. A repetition of stimuli presentation is included in order to better cope with very small impairments and the difficulty of assessing two video stimuli simultaneously. Impaired stimuli are evaluated on a five-grade impairment scale. From 1 to 5, subjects can assess the impairments of the evaluated contents to be "Very annoying", "Annoying", "Slightly annoying", "Perceptible, but not annoying" or "Imperceptible", respectively. 
D. Content
Codec efficiency usually depends on the characteristics of the content evaluated (e.g., high frequencies, uniform areas and portion of high luminance) [17] . In order to conduct a comprehensive analysis, six clips, from MPEG and Dolby test sequences collections have been selected due to their good testability (spatial and temporal indexes (SI and TI), dynamic range or representativeness of broadcasting contents such as sport events). The test sequences are presented and labeled in Table II and Figure 4 . The raw sequences are 12 seconds long and represented in 4:4:4 BT2020, 1080p (HD), 50 fps. FantasyFlights and ShowGirl contents, originally 24 and 25 fps respectively, were duplicated (initial content each odd frames) in order to cope with 50 fps which caused temporal jerkiness. The SDR contents are represented on 10 bits and HDR contents on 16 bits. The distribution of spatial and temporal indexes of sequences are presented in Figure 2 whilst the distributions of the Dynamic Range (DR) of each frame over each sequence are presented in Figure 3 . The above-mentioned figures show the diversity of SI and TI as well as DR range over the selected sequences.
The main issue faced with the selected test methodology is that contents available in both HDR and SDR formats are difficult to find. A reliable and accurate way to reconstruct SDR reference streams is to tone-map and color grade HDR original sequences. If not available, a color grading has been manually performed by experts in order to create the SDR reference contents. 
E. Test Equipment and Environment
Two HDR or two SDR contents cannot be visualized simultaneously on the same display system for technical reasons. Thus, two monitors were used for each rendering system. The HDR display system consisted of two 1080p 2000 nits Dolby Maui monitors. These displays' peak luminance were set to 1000 nits, the minimum peak luminance of LCD panels for HDR [23] . The EOTF used to render the HDR contents is the PQ [17] . The rendering system for SDR contents was constituted by two Dolby professional reference PRM-4220 monitors, set to 100 nits, the typical SDR peak luminance [23] .
The monitors of both display systems were positioned sideby-side. This layout enabled running a test session with two subjects simultaneously. Dolby Vision was used for the visualization process. As recommended in [12] and [13] , the viewing distance between displays and subjects was set to 3.2H, for both systems. H corresponds to the height of the active display area of each device.
HDR and SDR experiments were conducted in separate rooms, in parallel. Our SDR and HDR test environments fulfilled the ITU recommendations for controlled environment assessment [14] , such as having homogeneous mid-grey painted walls as well as controlled temperature and ambient lighting.
F. Experiment Design
From six sequences, four OBs and five CCs, 120 test stimuli were generated for the HDR experiment. 90 SDR stimuli were evaluated during the experiment due to the fact that the SDR streams of CC5 are not evaluated.
The tests were divided into test slots, composed of 4 different viewing sessions (3 for the SDR test). A viewing session consisted in the evaluation of 30 stimuli. Two dummy stimuli were presented at the beginning of each viewing session in order to stabilize subjects' opinion. Viewing sessions were randomized in terms of content, order of visualization, and position of the reference in order to reduce contextual influences. In line with recommendation ITU-R BT.500 [14] , each viewing session was designed to last 20 minutes or less to avoid fatigue and lack of attention of subjects. Due to unforeseen loading time of the rendering systems, the duration of each viewing session lasted for about 30 minutes. 4 subjects participated in each test slot. Each subject took part in two viewing sessions, separated by a break of 30 minutes. Each test slot led to two scores per stimulus. 
G. Participants
Overall, 48 and 40 naive subjects participated to the HDR and SDR tests, respectively. The gender balance was ensured in both tests.
The complexity of our experiment is to evaluate SDR and HDR streams simultaneously without introducing bias in subjects. This concern justifies the choice of evaluating SDR and HDR streams on two different samples of the population, contrary to [17] . Following the recommendations of [14] , at least 15 subjects were to take part into our experiment to ensure a sufficient effect size for the statistical analysis to be performed. Details of the evaluated samples of population are provided in Table III .
Subjects were screened for correct visual acuity and color vision, using Snellen (no errors on 20/30 lines) and Ishiara charts, respectively. Training test comparisons of each content were visualized during a training session in prior to the experiments. During training, the experimenter described the voting process and drew subjects' attention on compression distortions such as blurriness and blockiness as well as color impairments. As highlighted in Figure 4 , subjects attention was also drawn on areas where distortions are likely to appear. For instance, the training on C3 highlighted the possible loss of details of the wall and the sky color distortions. Subjects were also trained not to consider temporal jerkiness in their assessment, due to the 50 fps playback constraint.
V. RESULTS & ANALYSIS
After the completion of the subjective tests, the levels of impairment ratings were processed. The mean opinion scores (MOSs) and associated 95% confidence intervals (CIs) were computed to represent the differences between tested CCs. Statistical significance of differences between CCs are evaluated by conducting analyses of variances (ANOVAs). Below, we analyze in details the results for SDR and HDR stimuli.
A. SDR Analysis
The MOSs and associated 95% CIs are presented for each content and overall in Figure 5 . We can notice the presence of differences across contents. The range of ratings (including CIs) of content C2, in Figure 5b , indicates impairments perceived as slightly annoying to annoying. This sequence contains trees, a fountain and a large homogeneous blue sky, where motions consist mainly in movement of trees and water stream, reported by low SI and TI for this sequence. The low spatial and temporal complexity could ease the detection of compression artifacts, explaining more visible artifacts when compared to other sequences. The ratings of sequences C3, C4 and C5 express that artifacts are slightly annoying or even almost not perceptible. These scenes are spatially and temporally more complex compared to sequence C2. Thus, impairments are less easy to spot. The last two sequences C1 and C6 have smaller spatial and temporal complexities when compared to sequences C3 and C4 but higher when compared to C5. Impairments are nevertheless easy to perceive in some parts of the contents. In sequence C1, the details of the woman's dress fade out and blocks appear on the flower at the forefront when the compression ratio increases. The sequence C6 presents large homogeneous areas such as the grass and advertising billboard. Also, the HVS is highly efficient in spotting discrepancies in human bodies and faces. This explains why for sequences C1 and C6, more impairments are spotted, even though they are mostly assessed as not or slightly annoying. Another interesting particularity of contents C1 and C6 is the large range of DR throughout these sequences.
Overall, Figure 5g demonstrates that the impairments are assessed as not or slightly annoying. The encoded streams are thus highly faithful to reference contents, an evidence of having compression solutions realizing high quality SDR. The best results are obtained with the bit rates OB2 and OB3. Considering the significant overlap of CIs for all the evaluated systems, no stimuli is highlighted as providing a lowest level of impairments, perceptually. It is however interesting to notice the efficiency of CC3 and CC4 for OB3, which reach higher MOSs than other stimuli for the same overall bit rate. This behavior is also observed for the contents C1, C2, C6, in addition to C5 for CC3 as well as C3 and C4 for CC4. This is an indication for high efficiency of the DLBC codec. Actually, the stimuli having the overall best efficiency are OB3CC3, OB2CC1 and OB3CC4, in descending order. The allocated bit rates to SDR streams in these stimuli are between 4.8 and 5.1 Mbps.
An ANOVA analysis has been conducted to highlight whether there is a significant statistical difference between the stimuli evaluated. Table IV shows The SDR analysis demonstrates the similarity of the CCs evaluated in terms of perceived quality. However, it has been highlighted that the systems with bit rate allocation from 4.8 to 5.1 Mbps to SDR streams achieve higher perceptual quality. The DLBC systems performing the best are achieved with an OB of 6 Mbps.
B. HDR Analysis
The processing of the HDR ratings follows that of SDR. The test has been performed on all the CCs. The MOS values and corresponding 95% CIs are presented in Figure 6 for each content and overall. We can observe the general trend of less perceivable impairments at higher bit rates. It is surprising to observe the similar perceptual quality performance of CC5, the SLNBC, and CC2-4, the DLBC. This result suggests the equivalence of the dual-layer codec (when not using only prediction) and the SLNBC regarding the perceptual quality of HDR streams. This illustrates the high quality of HDR stream when reconstructed from SDR stream, composing metadata and EL information.
In particular, there are three interesting trends in HDR results described hereinafter. Regarding the content C2, CC1 (prediction of HDR) clearly outperforms all others. However, the maximum MOSs reached are slightly lower than "Slightly annoying", demonstrating the overall dissatisfaction of subjects. The poor performance of CC5, conveying a pure HDR stream, is surprising. Also, we noticed a similar performance of CC1 for C2 and C3. We thus wonder if the performance of CC1 in C2 is due to the under performance of the other CCs. We attribute this behavior to the low spatial and temporal complexity of C2.
Regarding contents C3 and C4, and the overall results, ratings range from slightly lower than "Annoying" to marginally better than "Slightly annoying". The difference with content C2 lies in the evaluated high quality of CC2-5. These results show the importance of having an enhancement layer: delivering the residuals of the difference between mapped SDR and HDR streams improves the HDR stream quality. It also indicates the insufficiency of predicting the HDR stream from the base layer stream in specific cases (high spatial and temporal complexity).
The results of all evaluated systems are similar for the contents C1, C5 and C6. The CIs, even though narrow, overlap considerably. The assessed quality is quite high (not less than "Slightly annoying"), especially for C5 and C6, the two sport event clips. This indicates that the DLBC and SLNBC are suitable for such sequences, independently of the settings used.
The system allocating 15% of the overall bit rate to the enhancement layer (EL3) performs particularly well in overall: the scenario EL3 achieves the highest perceptual quality when compared to other scenarios, for most overall bit rates and contents.
A 3-way ANOVA analysis has been performed, followed by Bonferroni post-hoc multiple comparison tests [1] in order to identify the statistically significant differences across evaluated systems. Results of the ANOVA are presented in Table V . It can be observed that the results depend on contents, OBs and CCs (p < 0.01). However, the analysis indicates the failure to reject the H0 hypothesis for all stimuli (combination of OBs, CCs and contents) signifying they are drawn from the same distribution. Overall, the settings of the codecs do not have a significant influence on the perceived quality.
There were no possibilities to discriminate CCs based on the ANOVA analysis of SDR results. HDR results indicate that it is possible to discriminate HDR perceptual quality based on CCs. These pieces of information are collected by conducting Bonferroni post-hoc tests, performing multiple comparisons within our systems.
No statistically significant differences are observed for sequences C1, C2, C5 and C6 for the same bit rate. Also, CC1s have the lowest perceptual quality and are statistically different from the remaining systems of the same overall bit rates for content C3 and C4. For those two reasons, our results advise against the use of SLBC.
Overall, no significant difference is observed for CC2-5 of the same OB. This demonstrates the similarity of DLBC and SLNBC. To discriminate further CC2-5, we investigated if there is a significant statistical difference between these CCs and CC1. Regarding sequences C3, C4 and overall results, the only CCs significantly different from the SLBC results for all contents and bit rates are CC3s. We have already observed the high perceptual quality of these systems across contents and bit rates. Even though CC2-5 are similar, the obtained results indicate a slightly better performance of CC3, allocating 15% of the overall bit rate to the enhancement layer.
C. Combination of SDR and HDR Analyses
Here, we present the combined analysis for recommendations about bandwidth allocation and compression approaches. The analysis is based on both SDR and HDR results. The SDR analysis has demonstrated the similarity of the CCs in terms of perceived quality. However, we have observed that, regardless of CCs, allocating from 4.8 to 5.1 Mbps to SDR streams achieves higher performance.
Our results on HDR include the following three findings.
• Our analysis on the performance of using SLBC revealed that this solution is similar to or less efficient than other CCs. We therefore advise against this configuration.
• The comparison between DLBC and SLNBC has resulted in statistically insignificant differences between CC2-4 and CC5. Both codecs provide similar perceptual quality based on subjective ratings.
• CC3 is the only configuration achieving statistically higher perceptual quality than the SLBC configuration. By combining the results of SDR and HDR ratings, our recommendation would be in favor of using the DLBC tuned to the CC3 at an overall bit rate of OB3, as it fulfills all the previously mentioned results: 6Mbps of overall bit rate with 5.1 Mbps allocated to the SDR stream, achieving the highest SDR stream quality. Additionally, only the CC having 15% of overall bit rate allocated to its enhancement layer has been observed to provide highest perceptual quality when compared to the SLBC.
VI. CONCLUSION
A dual-layer backward-compatible solution, enabling retrieval of the HDR content through prediction (SDR mapping) and residual information provided in an enhancement layer, has been compared to two state-of-the-art compression schemes, namely, two single-layer codecs, being backwardcompatible or not, enabling the SDR or HDR reconstruction through the use of metadata. Guidance about bandwidth to allocate to HDR delivery, which approach is the most efficient for SDR and HDR transmission as well as should broadcasters envision backward-compatible solutions to ensure a smooth transition from SDR TV to HDR TV are drawn from the analysis of the results.
The above-mentioned systems have been evaluated under various configurations including four overall bit rates, three enhancement layer settings and six contents. Two sets of experiments have been conducted in parallel in order to assess both HDR and SDR delivery. At least 20 grades per stimuli were collected from two gender-balanced populations of about 22.5 year-old subjects in average.
Even though all systems perform in a similar manner for the delivery of SDR streams, our results show that dedicating about 5 Mbps to the SDR stream realizes the highest perceptual quality, for all systems. Regarding the HDR perceptual quality, the single-layer backward-compatible approach is either similar or statistically significantly less performing than the two other approaches. No significant difference has been observed between the two remaining approaches. Despite the previous claims, a specific scenario, using 6 Mbps of overall bit rate, allowing 15% of this bit rate to the enhancement layer (resulting in 5.1 Mbps dedicated to the SDR stream), statistically performs better than the single-layer backward-compatible compression strategy.
The conclusions indicate that, should broadcasters set a fixed bandwidth constraint for HDR delivery, they should consider tuning it between 5 and 6 Mbps. This setting guarantees a satisfying perceptual quality for both SDR and HDR contents. Regarding the settings of the evaluated dual-layer codec, the recommendations are to set the overall bit rate at 6 Mbps, 15% of which allocated to the enhancement layer. Surprisingly, the single-layer non-backward-compatible codec, supposedly realizing uncompromised HDR, did not outperform the other systems when delivering HDR streams. Considering the importance of ensuring a smooth migration to HDR TV for broadcasting services, as well as the fact that the backward-compatible system performs similarly to SDR-uncompromised and HDR-uncompromised solutions, our results strongly advocate the use of such dual-layer backwardcompatible compression strategies. It has also been shown that using a single-layer backward-compatible solution is compromising the quality of reconstructed HDR streams.
This work has been mainly focused on the investigations of perceptual quality for HDR delivery. Our results only take into account the visual perception of end-users of broadcasting services. A study on the codec complexity, and especially decoder complexity, in terms of memory resources and computation complexity, could provide additional insights for the selection of a recommended system.
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